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In this study, 5-hydroxymethylfurfural (5-HMF) determination was carried out by a micellar electroki-
netic capillary chromatography (MEKC) methodology, using caffeine as the internal standard (IS). The
optimisation of the electrolyte composition was approached using a 32 full factorial design with a central
point to study the MEKC electrolyte components. Inspection of the response surface indicated that the
optimal electrolyte composition was 5 mmol L1 sodium tetraborate (STB, pH 9.3) containing
120 mmol L1 sodium dodecyl sulphate (SDS). Under optimal CE conditions, separation of the investi-
gated substance was achieved in less than 0.7 min. Quality parameters, such as linearity (R2 > 0.99), pre-
cision (RSD < 5.41%), detection and quantiﬁcation limits (3.37 and 11.24 mg kg1 for honey samples) and
recovery (96.37–99.56%). The proposed methodology was successfully applied to the analysis of 5-HMF
in honey samples. The analytical performance of this method makes it suitable for implementation in
food laboratories for the routine determination of 5-HMF in honey samples.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Honey, produced by honeybees from nectar in ﬂowers and
plants, is an aqueous supersaturated sugar solution, mainly com-
posed of fructose and glucose. Moreover, honey contains certain
minor constituents like minerals, and other saccharides, proteins,
enzymes, amino acids, vitamins, organic and phenolic acids, ﬂavo-
noids, carotenoids, volatile substances and products of the Maillard
reaction. During processing, honey is usually warmed in order to
lower its viscosity, and to prevent crystallisation or fermentation.
Temperatures of 32–40 C do not affect honey quality; however,
the use of higher temperatures leads to the formation of an
important degradation product, 5-hydroxymethylfurfural (or
5-(hydroxymethyl)furan-2-carbaldehyde, 5-HMF) (Anklam, 1998;
Turhan, Tetik, Karhan, Gurel, & Tavukcuoglu, 2008).
5-HMF is a furanic compound which is formed as an intermedi-
ate in the Maillard reaction (Ames, 1992) from the direct dehydra-
tion of sugars under acidic conditions (caramelisation) during
thermal treatments applied to foods (Kroh, 1994). Under acidic
conditions, 5-HMF can be formed even at low temperatures (Lee
& Nagy, 1990), although its concentration signiﬁcantly increases
with an increase in the temperature of thermal treatments, or dur-cience and Food Technology,
ta Catarina – UFSC, Ademar
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).
sevier OA license.ing long periods of storage. In addition to temperature, the amount
of 5-HMF formation in foods is dependent on the type of sugar (Lee
& Nagy, 1990), pH (Gökmen, Açar, Köksel, & Açar, 2007), water
activity (Gökmen, Açar, Serpen, & Morales, 2008; Kroh, 1994) and
the concentration of divalent cations of the media (Gökmen & Sen-
yuva, 2006). The Codex Alimentarius of the World Health Organi-
sation and the European Union have established a maximum
quality level for the 5-HMF content in honey (40 mg kg1) (Alin-
orm 01/25, 2001; Directive 2001/110/EC, 2001). The Brazilian reg-
ulations set a maximum 5-HMF content of 60 mg/kg (Brasil, 2000).
However, the toxicological relevance of 5-HMF has not been clearly
demonstrated. Cytotoxic, mutagenic, carcinogenic and genotoxic
effects are among the in vitro activities attributed to HMF (Murko-
vic & Pichler, 2006; Teixidó, Santos, Puignou, & Galceran, 2006).
The determination of 5-HMF in foods has been traditionally per-
formed by the spectrophotometric method described by White
(1979). Several other methods have been developed, employing
high performance liquid chromatography (HPLC) with UV detec-
tion (Aquino, Rodrigues, Nascimento, & Casimiro, 2006; Gaspar &
Lucena, 2009; Michail et al., 2007; Pereira, Albuquerque, Ferreira,
Cacho, & Marques, 2011; Spano, Ciulu, Floris, Panzanelli, & Piloa,
2009; Xu, Templeton, & Reed, 2003; Zappaláet al., 2005). In addi-
tion, liquid chromatography with pulsed amperometric detection
(Xu et al., 2003), refractive index detection (Xu et al., 2003) or cou-
pled to mass spectrometry (LC–MS) (Gökmen & Senyuva, 2006;
Teixidó, Moyano, Santos, & Galceran, 2008) has been used to ana-
lyse 5-HMF in several foodstuffs. Recently, techniques of gas chro-
matography coupled to mass spectrometry (CG–MS) (Teixidó et al.,
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2006) has been proposed for the analysis of 5-HMF in honey, baby
foods, jam, orange juice and bakery products, among substances.
As an alternative technique, capillary electrophoresis has been
occasionally selected for the analysis of 5-HMF in different food-
stuffs such as breakfast cereals, toast, honey, orange juice, apple
juice, jam, coffee, chocolate and biscuits (Silva, Schuch, Vainstein,
& Jablonski, 2008; Teixidó, Núñez, Santos, & Galceran, 2011). Cap-
illary electrophoresis has been applied to 5-HMF determination
employing the micellar electrokinetic capillary chromatography
(MEKC) mode. Morales and Jiménez-Pérez (2001) developed a pro-
cedure for determining HMF in milk-based products using MEKC
and compared with the classical reversed-phase HPLC method it
gives similar values of repeatability and recovery. The 5-HMF peak
was resolved using an uncoated fused-silica capillary with phos-
phate buffer containing sodium dodecyl sulphate (SDS) (pH 7.5),
and separation was completely achieved in 5 min. Silva et al.
(2008) applied MEKC for the determination of 5-HMF in honey
samples within 5 min. The recovery was 98% and the limit of detec-
tion was 0.025 mg kg1. More recently, Teixidó et al. (2011) found
5-HMF in several foodstuffs, and the MEKC method (analysis time
of 6 min) was compared with the results obtained by liquid chro-
matography, coupled to tandem mass spectrometry. The sample
limit of detection (LOD, 0.7 mg kg1) and limit of quantiﬁcation
(LOQ, 2.5 mg kg1) were established by preparing the standards
in a blank matrix. This study attempted to design a rapid method
for the determination of 5-HMF in honey samples, using a MEKC
methodology with a 32 factorial design and electrolytes composed
of tetraborate/SDS and modiﬁed by methanol. The method per-
formed under the optimised conditions was validated and further
applied in the determination of 5-HMF in honey samples of differ-
ent geographical and botanical origins. No reports of a method fas-
ter than that presented in this paper using capillary electrophoresis
can be found in the literature.2. Experimental
2.1. Instrumentation and analytical procedures
The CE assays were conducted in a capillary electrophoresis sys-
tem (model 7100, Agilent Technologies, Palo Alto, CA, USA),
equipped with a diode array detector set at 284 nm, a temperature
control device maintained at 25 C and acquisition and data treat-
ment software supplied by the manufacturer (HP ChemStation, rev.
A.06.01). An uncoated fused-silica capillary (Polymicro Technolo-
gies, Phoenix, AZ, USA) was used, with dimensions of 32.0 cm total
length, 8.5 cm effective length, an inner diameter of 50 lm and an
outer diameter of 375 lm. The background electrolyte (BGE) was
composed of 5 mmol L1 STB at pH 9.3 containing 120 mmol L1
SDS. At the beginning of each day, the capillary was conditioned
by ﬂushing with 1 mol L1 NaOH (10 min) followed by a 10 min
ﬂush with deionised water and BGE solution (15 min). In between
runs, the capillary was reconditioned with the background solution
(1 min ﬂush). At the end of each working day, the capillary was
rinsed with 1 mol L1 NaOH (5 min) and water (10 min) and then
dried with air (2 min). Standard solutions and samples were intro-
duced at the extremity of the capillary nearest to the detector andTable 1
Parameters of mass spectrometer.
Anaytes Parent ion (mz) Quantitative ion
HMF (M+H+) 127.07 109.1
HMF (M+H+) 127.07 81.1
* DP – Declustering potential; EP – entrance potential; CEP – collision cell entrance potinjected hydrodynamically (at 50 mbar for 3 s; 1 mbar = 100 Pa)
with negative pressure. The applied separation voltage was 30 kV
with positive polarity on the injection end.
The comparative method, using the LC/MS/MS analysis, was
performed on chromatographic equipment consisting of a
high-performance liquid chromatography (HPLC) system (Agilent
Technologies – Germany). Separation was performed on an Atlan-
tis HILIC Silica Column (30 mm, 2.1 mm ID, 2.0 lm particle size)
Waters. A multi-step isocratic and linear gradient of solvent A
(H2O + 0.1% formic acid) and B (95:5 acetonitrile/H2O + 0.1% formic
acid) was applied. The runs were performed using a mobile phase
as follows: 0–2.5 min, 90% solvent B (isocratic mode); The ﬂow rate
was set at 0.15 mL/min. In all instances, the injection volume was
0.5 lL. The column temperature was set to 30 C. The LC system
was coupled to a mass spectrometer system consisting of a hybrid
triplequadrupole/linear ion trap mass spectrometer Q Trap 3200
(Applied Biosystems/MDS Sciex, Concord, Canada). Analyst version
1.5.1 was used for the LC/MS/MS system control and data analysis.
The mass spectrometry was tuned in the negative and positive
modes by infusion of polypropylene glycol solution. The experi-
ments were performed using the TurboIonSprayTM source (elec-
trospray-ESI) in positive ion mode. The capillary needle was
maintained at 5500 V. MS/MS parameters: curtain gas, 10 psi; tem-
perature, 400 C; gas 1, 45 psi; gas 2, 45 psi; CAD gas, medium.
Others parameters for the cone and collision energy are listed in
Table 1. HMF was monitored and quantiﬁed using multiple reac-
tion monitoring (MRM). Optimisation of the mass spectrometer
was performed by the direct infusion of an aqueous solution con-
taining HMF investigated here.2.2. Reagents and solutions
All reagents were of analytical grade, solvents were of chro-
matographic purity and the water was puriﬁed by deionisation
(Milli-Q system, Millipore, Bedford, MA, USA). 5-HMF, caffeine, so-
dium tetraborate (STB), methanol (MeOH) and sodium dodecylsul-
fate (SDS) were obtained from Sigma–Aldrich (Santa Ana, CA, USA).
Sodium hydroxide was purchased from Merck (Rio de Janeiro, RJ,
Brasil).
Stock solutions of 5-HMF (1000 mg L1) were prepared in
MeOH:water (50:50, v/v) at a 1000 mg L1 concentration and
stored at 4 C until analysis. Separate aliquots (0.1, 0.2, 0.4, 0.6
and 0.8 mL) of 5-HMF stock solution were transferred to a 10 mL
volumetric ﬂask and diluted with distilled water to make the con-
centrations: 10, 20, 40, 60 and 80 mg L1, respectively. Caffeine
was used as internal standard (IS), and stock solutions (1000
mg L1) were prepared by dissolving 100 mg of caffeine in
100.0 mL of deionised water and stored it at 4 C until analysis.
The standard working solutions were prepared every day. In the di-
rect analysis of 5-HMF the optimal electrolyte was composed of
5 mmol L1 STB and 120 mmol L1 SDS at pH 9.3 and stored at
ambient temperature until analysis.2.3. Honey samples
Seven multiﬂoral honey samples were obtained directly from
producers registered in local associations across the state of SantaDP* EP* CEP* CE* CXP*
26 8 10 11 4
26 8 10 21 4
ential; CE – collision energy; CXP – collision cell exit potential.
Table 2
Levels of the design variables in the two-level factorial design with three centre
points.
Variable High level Low level Centre point
STB (mmol L1) 15 5 10
SDS (mmol L1) 120 100 110
MeOH (%) 10 0 5
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tween 2009 and 2010, and were stored at ambient temperature, in
the dark, until the experiment. Honey samples were accurately
weighed (5 g), dissolved with deionised water in a 10 mL volumet-
ric ﬂask. Two millilitres of caffeine (1000 mg L1) were added, and
the volume was properly ﬁgured out, to obtain a ﬁnal concentra-
tion of 200 mg L1 of IS. The honey sample solution was ﬁltered
through 0.45 lm membrane ﬁlters (Millipore, Bedford, MA, USA).
An appropriate amount of the honey sample solution (0.5 mL)
was placed in a CE vial, and this solution was injected into the
CE equipment.
2.4. Linear range, accuracy, precision and sensitivity
The peak area for 5-HMF with and without IS was plotted
against concentration to construct the calibration curves (six lev-
els). The least squares method was employed to examine the line-
arity of the curve coefﬁcient of determination. Both intra-day and
inter-day precisions were determined, employing solutions pre-
pared from a standard solution, as described in Section 2.2. The ﬁ-
nal ﬁltrate was appropriately diluted to give two concentrations
(20.0 and 40.0 mg mL1) on the calibration curve. Six separate
solutions were prepared at each concentration; electropherograms
were obtained within the same day to assess the intra-day preci-
sion, and over a period of 3 days (1–2 injections/day) to assess
the inter-day precision. The limits of detection and quantiﬁcation
were taken as the concentrations at which the peak responses
were 3 and 10 times the average noise level, respectively.Table 3
Coefﬁcients of the function, Eq. (1).
Compound Constant a b c
5-HMF ti 0.436 0.013 0.004 0.031
Caffeine ti 0.369 0.018 0.007 0.0273. Results and discussion
3.1. Initial experiments
The pH value of the BGE is an important variable since it affects
the charge of the compounds under investigation. In our study, pH
has little effect on the mobility of the 5-HMF (pKa 12.82). The aim
of the initial experiments was to establish the basic analytical
requirements (the type of buffer, pH range of the BGE, SDS concen-
tration range, temperature, voltage and injection time) of the
method. The experiment was performed at a pH of 9.3 in the coun-
ter-electroosmotic mode with a borate buffer, because this
achieved the lowest current and the most stable baseline. The sep-
aration was attempted in a micellar medium because at this pH,
the 5-HMF is in the neutral form. The temperature was established
at 25 C; the maximum applied voltage was 15 kV without com-
promising the separation and without excessive current, due to
the Joule effect. The effects of the injection time (1–9 s) on the peak
characteristics were studied. An increase in the time over which
the injection was made resulted in increasing peak heights up to
a time of 3 s. The peak height remained stable when the injection
time was longer than 3 s, but the shape of the 5-HMF peak broad-
ened. Therefore, 3 s was chosen as the optimum injection time in
all further experiments.
3.2. Experimental design
After the initial experiments, three relevant electrophoretic fac-
tors were investigated: the borate buffer, SDS concentration and
MeOH percentage. The goal was to locate the optimum electropho-
retic conditions that allow the minimal analysis time for the
5-HMF determination. A full factorial design (11 experiments) con-
taining three selected factors, was chosen as a 32 full factorial de-
sign with three trials at the central point. The factors and their
‘‘low’’ () and ‘‘high’’ (+) levels are summarised in Table 2. The
individual runs of the design were carried out in a randomisedsequence. Randomisation offers some assurance that the uncon-
trolled variation of factors, other than those being studied, will
not inﬂuence the estimation (Micke, Fujiya, Tonin, Costa, & Tav-
ares, 2006). The replicate measurements were stable and the cap-
illary was well-equilibrated after changing to new electrophoretic
conditions. Multiple regression enabled the mathematical relation-
ship between the responses and the independent variables to be
determined.
The width and the migration time of 5-HMF and caffeine were
computed as a function of the electrolyte composition according
to the following empirical equation:
ti or Rw1=2 ¼ constantþ a½STB þ b½SDS þ c½MeOH ð1Þ
where, t is the migration time of the analyte i and w is the width of
the analyte peak. The equations were solved numerically by means
of the Solver algorithm (Microsoft Excel 2007) and the coefﬁcients
are organised in Table 3.
The experimental results obtained from the factorial design
were used for modelling the width and migration time of the
peaks. With these data, it was possible to estimate the response
provided by Eq. (2):
Resp: ¼ R
tcaf
ð2Þ
where R is the resolution between 5-HMF and caffeine, and tcaf
is the migration time of caffeine (IS), the last peak on the
electropherogram.
The resolution (R) was calculated using Eq. (3), where t1 and t2
are the migration times, and w1 and w2 the baseline widths of the
HMF and caffeine peaks, respectively.
R ¼ t2  t1
0:5ðw1 þw2Þ ð3Þ
The response function (Eq. (2) was calculated for the entire
dataset, and a response surface was generated (data not shown)
indicating the optimum conditions for separation with the electro-
lyte composed of 5 mmol L1 STB and 120 mmol L1 SDS, at pH 9.3.
The corresponding electropherogram of a solution of 5-HMF and
the caffeine standards under optimised conditions is shown in
Fig. 1. The analysis time was successfully reduced using the
short-end-injection mode (Ldet 8.5 cm) and a high electrical ﬁeld
(468.8 V/cm). A baseline separation of 5-HMF and caffeine (IS)
was achieved, with high resolution, within 42 s. This separation
time is considerably shorter than that of other CE methods re-
ported in the literature. The online acquired UV spectra are de-
picted in the insert of Fig. 1.
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Fig. 1. Electropherogram of 5-HMF (1) and caffeine – IS (2) under optimal
conditions. Separation conditions: 5 mmol L1 STB (pH 9.3), 120 mmol L1 SDS;
injection, 50 mbar, 3 s; applied voltage, +15 kV; 32 cm (Ltot)  8.5 cm (Ldet)  50 lm
i.d. capillary; 25 C; direct detection. Insert ﬁgure: on-line acquired UV spectra of
the corresponding numbered peak. eof, electroosmotic ﬂow.
Table 4
Analytical performance and ﬁgures of merit of the proposed electrophoretic method
for determining levels of 5-HMF.
Parameter Value
Instrumental precision (RSD%, n = 20) Peak area ratio 4.91
Migration time ratio 2.40
Concentration ratio 4.55
Intra-day precision (RSD%, n = 6) Peak area ratio 0.60
Migration time ratio 1.07
Concentration ratio 0.91
Inter-day precision (RSD%, n = 18) Peak area ratio 1.61
Migration time ratio 5.41
Concentration ratio 3.79
Linearity Slope 2.8190
Slope – SD 0.0347
Intercept 0.0204
Intercept – SD 0.0047
R2 0.9940
Recovery (%) At 20 mg L1 level 99.56
At 40 mg L1 level 96.37
LOD (mg L1) In standard solution 0.09
LOQ (mg L1) In standard solution 0.31
LOD (mg kg1) In sample 3.37
LOQ (mg kg1) In sample 11.24
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In order to validate the proposed analytical method for the
determination of the 5-HMF content of Brazilian honey samples,
the following validation parameters were evaluated: linearity,
selectivity, precision, accuracy, limit of detection and limit of
quantiﬁcation.
3.3.1. Linearity
After the optimisation of the analytical conditions, the linearity
of the analytical curves was studied. Five standard solutions in the
concentration range of 10–80 mg L1 for 5-HMF using IS (caffeine)
were analysed, with triplicate injections at each concentration le-
vel. A linear relationship between the ratio of the peak area values
(5-HMF/caffeine) and ratio of concentration (HMF/caffeine) was
obtained with a satisfactory coefﬁcient of determination (>0.99)
and intercepts close to the origin.
3.3.2. Selectivity
The method indicates a signiﬁcant degree of selectivity, since
the main peak is separated from caffeine (IS). The purity of 5-
HMF was assessed with the aid of the PDA detector. The peak slic-
ing technique was employed with the aid of the PDA detector to
check for peak purity. Detection was carried out at 284 nm, and
the overlaid UV spectra obtained for the 5-HMF peak in the honey
samples analysed were identical, indicating the purity of the peak
and lack of interference from potentially interfering substances.
Moreover, samples without 5-HMF (below LOD) were analysed
and did not show any peak that might interfere in the analyses,
verifying the selectivity of the method.
3.3.3. Precision
3.3.3.1. Repeatability of injection system. The repeatability of the
injection system was examined by injecting 20 mg L1 of 5-HMF
and IS with 20 injections of the same solution. All determinations
were carried out on the same day and under the same experimen-
tal conditions. The electropherograms were evaluated considering
the migration time and the ratio of the peak area values (5-HMF/caffeine) and the calculated concentration. The RSD values were
2.40%, 4.91% and 4.55% for migration time, peak area ratio and cal-
culated concentration, respectively, which veriﬁes the acceptable
repeatability of the method.
3.3.3.2. Intermediate precision. Repeatability (intra-day precision)
was established by six consecutive injections of 5-HMF at 20 mg
L1and the caffeine (IS) standard solution. The repeatability of
the migration time, the peak area ratio and the calculated concen-
tration were better than 0.60%, 1.07% and 0.91% RSD, respectively.
Intermediate precision (inter-day precision) was established for
the analysis of three preparations of standard solutions, over
3 days with six consecutive injections. The results ranged from
1.61% to 5.41% RSD. The data evaluated are summarised in Table
3. The obtained RSD values obtained indicate an acceptable level
of inter-day and intra-day precision.
3.3.4. Accuracy
The method accuracy was investigated by analysing two ﬁnal
concentrations of 5-HMF (20 and 40 mg L1) added to honey sam-
ples not containing previously detectable concentrations of this
substance (within the calibration range) which was been prepared
as previously described (Table 4). Table 4 shows the results for the
recovery tests. The recovery ranged from 96.37–99.56% for the
analyte, demonstrating the good reliability of the method for the
analysis of 5-HMF in honey samples.
3.3.5. Limit of detection (LOD) and limit of quantiﬁcation (LOQ)
The signal to noise ratios (S/N) of 3 and 10 were considered to
estimate the LOD and LOQ of 5-HMF, respectively. The LOD and
LOQ values for the standard solution were respectively 0.09 and
0.31 mg L1. For the honey samples, the LOD and LOQ values were
3.37 and 11.24 mg kg1, respectively.
3.4. LC/MS/MS conﬁrmation analysis
In order to show the CE–UV reliability of the HMF analysis in a
real sample, a comparison was performed using the LC/MS/MS
methodology analysis. Thus, a paired-samples t test was carried
out, taking into account the HMF present in the honey sample.
The statistical results (for n = 7) were p-value equal to 0.12 for
the paired-samples t test. The Pearson correlation was 0.98, and
this data, from the pairing (or matching), appears to be effective
Table 5
Amounts of 5-HMF in the analysed honey samples.
Sample mg kg1 RSD (mg kg1)
A 17.91 1.56
B 11.97 0.86
C 16.32 1.46
D 127.25 8.97
E 12.87 1.18
F 82.80 5.63
G 12.96 2.02
1 2
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Fig. 2. Electropherogram of honey sample, 5-HMF (1) and caffeine – IS (2) under
optimal conditions. Separation conditions: see eof, electroosmotic ﬂow; #,⁄
unknown peak.
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(normality test). As the p-value was higher than 0.05, no signiﬁcant
difference within the 95% conﬁdence interval between CE–UV and
LC/MS/MS methodologies was observed.
3.5. Sample analysis
The proposed method, after being optimised and evaluated in
terms of the parameters described above, was successfully applied
to determine 5-HMF in several commercially available honey sam-
ples (n = 7) which were prepared as indicated above. The honey
samples were prepared in duplicate and injected in triplicate.
The concentrations of 5-HMF determined for the samples are
shown in Table 5.
All samples, with the exception of D and F, were below the con-
centration limit speciﬁed for this compound by Brazilian regula-
tions (Brasil, 2000).The electropherogram of sample F is shown in
Fig. 2.
4. Conclusions
A MECK–UV method was developed with the aid of an experi-
mental design to rapidly optimise the analysis time and resolution
for 5-HMF separation and determination of this compound in hon-
ey samples. Satisfactory results in relation to linearity, selectivity,
precision and accuracy were obtained, which conﬁrmed that theproposed method was suitable for this purpose. The analytical per-
formance of the method, particularly the very short analysis time,
low cost and simple sample pretreatment, veriﬁes its potential
applicability for routine and automated analysis of 5-HMF in the
quality control of honeys. Overall, the results demonstrated that
CE can be applied as an alternative (or complementary) technique
to the recommended spectrophotometric method for application in
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